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Abstract

:

We analyzed impacts of interannual disturbance on the water balance of watersheds in different forested ecosystem case studies across the United States from 1985 to 2016 using a remotely sensed long-term land cover monitoring record (U.S. Geological Survey Land Change Monitoring, Assessment, and Projection (LCMAP) Collection 1.0 Science products), gridded precipitation and evaporation data, and streamgaging data using paired watersheds (high and low disturbance). LCMAP products were used to quantify the timing and degree of interannual disturbance and to gain a better understanding of how land cover change affects the water balance of disturbed watersheds. In this paper, we present how LCMAP science products can be used to improve knowledge for hydrologic modeling, climate research, and forest management. Anthropogenic influences (e.g., dams and irrigation diversions) often minimize the impacts of land cover change on water balance dynamics when compared to interannual fluctuations of hydroclimatic events (e.g., drought and flooding). Our findings show that each watershed exhibits a complex suite of influences involving climate variables and other factors that affect each of their water balances differently when land cover change occurs. In this study, forests within arid to semi-arid climates experience greater water balance effects from land cover change than watersheds where water is less limited.
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1. Introduction


Connections between land cover change and watershed hydrology have been examined at a variety of spatial and temporal scales [1,2,3]. However, the roles of climate and land use changes vary from watershed to watershed because when, where, and how processes occur all have different impacts on hydrology and are dependent on landscape position and timing of events such as precipitation and drought [1,4]. Land cover change is typically thought to be a local phenomenon where impacts from disturbance decrease with increasing spatial scale. In contrast, the influence of regional climate variables may be thought to affect watersheds of different sizes in the same region similarly. Impacts on streamflow and runoff in tropical and humid climates are fundamentally different because erosion can play a much larger role [5], whereas runoff is suggested to be affected equally by climate and land cover change in arid regions [6,7]. Previous studies have also investigated the relative importance of how precipitation and land use/land cover changes affect streamflow and found that both factors affect hydrology [8]. By examining disturbance and relatively stable periods, statistical relationships between land cover change and precipitation can be established to gain a better understanding of relative importance of the two influences [9]. Thus, generalization of various land cover and climate controls on watershed hydrology in different environments is attainable but requires sufficient data and knowledge of site-specific land cover change, precipitation patterns, geomorphology, and human activities. Debates regarding the impact of land change on streamflow reinforce the science communities’ need for new strategies coupled with detailed land cover change information at the watershed scale [4]. Positive and negative feedbacks vary with time, producing short-term responses potentially differing from long-term responses.



In this study, we aim to address the questions: (1) Does land cover change in forested ecosystems with different disturbance regimes play a leading role in changes to the water balance in the United States? and (2) What relative roles do land cover change and precipitation play in changing the water balance in forested ecosystems with different disturbance regimes?



Remote sensing is the most efficient and effective means for studies involving large-scale land cover change analyses. Recent advances in technologies and methodological innovation using algorithms designed to detect landscape changes from spaceborne observations have greatly advanced. As our understanding of land cover processes has improved, the means to observe them at various spatial and temporal scales has expanded investigations into a wide variety of hydrologic aspects of land cover change involving vegetation canopy and/or shrub cover change (e.g., [10,11,12]), wetland and crop monitoring (e.g., [13,14,15,16,17]), and hydrological assessments of surface runoff (e.g., [18,19]) and subsurface features such as soil moisture and groundwater (e.g., [20,21]).



Human and natural alterations to land surface processes change how precipitation is transported, evaporated, or infiltrated. One of the modifications that can substantially affect various components of global, regional, and local water cycles, including overland flow or runoff, is land cover or land change. Numerous publications note effects of land cover change involving flooding, low flows, and more generally, water yield [5,22,23,24,25,26,27,28,29,30,31], but these studies had limited scope, were regionally based, or did not involve large-scale, widely applicable land cover data. Previous studies have also conducted paired watershed case studies examining the water balance of forested ecosystems, but they primarily focused on runoff and fluvial transport [32,33], effects of forest thinning treatments [34], evapotranspiration response to forest regeneration [35], and connections to groundwater [36]. Here, we present a new analysis using a cutting-edge suite of data products to analyze connections between land cover change and a watershed’s water balance in ways previously unattainable. The U.S. Geological Survey (USGS) Land Change Monitoring, Assessment, and Projection (LCMAP) initiative has developed a new suite of annual land change products [37] that provide spatial and temporal information for the entire contiguous United States (CONUS) at 30-m resolution covering our study period from 1985 to 2016. To investigate how land cover data with annual temporal frequency could inform a variety of hydrologic studies, we examined annual land cover change along with precipitation, streamflow, and evaporation patterns to elucidate how land change affects the water balance in watersheds with both relatively stable (herein referred to as low-disturbance: LD) or changing (herein referred to as high-disturbance: HD) land cover based on LCMAP land cover change products.



We hypothesized that (1) changes in land cover derived from annual land cover products provide a new toolset to aid explanations of changes or differences in the magnitude of water balance components and (2) annual land cover and land cover change data can enhance the ability of forest managers in assessing water balance changes in the future for a range of watershed characteristics.




2. Materials and Methods


Analysis of land cover change was conducted using representative watershed pairs that exhibited varying levels of disturbance in the form of primary land cover class changes, which were calculated from LCMAP science products [37]. Within each watershed pair case study, we used LCMAP science products to identify an HD watershed that experienced a heightened frequency of land cover class change compared to its companion LD watershed that had relatively stable land cover classification throughout the study period. Three categories of land change conversions represent roughly 85% of national-level land cover class changes in the United States: 51% were tree cover to grass/shrub (or vice versa), 25% were cropland to grass/shrub (or vice versa), and 9% were conversions to developed land [38]. To address the category of greatest proportion of land change, we restricted our study sites to forested watershed pairs meeting the following criteria: (1) one LD watershed with minimal to no land cover change during the study period, and one HD watershed with more substantial land cover change occurring between 1985 and 2016; (2) the HD and LD watersheds are similar in size and in a close enough geographic vicinity to experience similar climate and meteorological conditions; (3) the HD and LD watersheds exhibit a similar distribution of primary land cover classes within them; and (4) the HD and LD watersheds have waterways with relatively similar streamflow rates. The following sections describe the land cover products, study site selection, and additional data used in this study.



2.1. Science Mapping Products


A suite of annual land cover and land cover change products [37] were developed from Landsat data using the continuous change detection and classification (CCDC) approach [39] as part of the Land Change Monitoring, Assessment, and Projection (LCMAP) initiative [40]. Collection 1.0 LCMAP science products provide a suite of land cover change data at 30-m resolution for the entire CONUS from 1985 to 2017 [41]. Using the CCDC approach yields estimates of land surface change at a daily timestep. LCMAP land cover products use July 1st for the annual representation of land cover [40]. Of the 10 products available, we utilized the Primary Land Cover (LCPRI) and Annual Land Cover Change (LCACHG) products in this study. LCPRI represents eight categories or land classes for each calendar year. The LCACHG data are a synthesis product derived from LCPRI data that reflect when LCPRI recorded a land cover change between July 1st of one year to June 30th of the next. Due to CCDC model requirements, the last year of LCMAP 1.0 science products (2017) has increased uncertainty [42] so to remain consistent across all study datasets, our study period is defined as 1985 to 2016.



Sources of disturbance in forested ecosystems are numerous but three obvious controlling factors influencing abrupt, noticeable, and widespread conversion from tree cover to grass/shrub are commercial timber production (logging), insect infestations, and wildfire. Given the spatial coverage and temporal frequency of insect infestations and wildfires across CONUS from 1985 to 2016, locating watershed pairs that include a ‘control’ for this study (i.e., where infestations and/or wildfire have not occurred over this 31-year time span) was a challenge. To analyze timing and extent of wildfires, we utilized geospatial data from the Monitoring Trends in Burn Severity (MTBS) [43] initiative provided by a collaboration of the U.S. Geological Survey Center for Earth Resources Observation and Science (EROS) and the United States Department of Agriculture Forest Service Geospatial Technology and Applications Center (GTAC). Forest type group data is from the United States Forest Service Forest Inventory and Analysis (FIA) program and the GTAC [44]. To analyze spatial estimates of insect infestations and forest mortality, we utilized the Oak Ridge National Laboratory (ORNL) Distributed Active Archive Center (DAAC) Tree Mortality from Fires and Bark Beetles at 1 km for 2003-2012 (ORNL-DAAC) [45]




2.2. Study Site Selection


Locating sites to analyze the impacts of disturbance, in the form of land cover change, was accomplished by first determining with LCMAP LCACHG (see 2.1 for description) which land cover changes are most prevalent across CONUS. Our aim was to examine forested watersheds, which represent the most dominant national- and regional-level land cover class conversions. Analysis of CONUS-wide class conversions of primary land cover in LCMAP between 1985 and 2016 showed that roughly 51% of class changes are conversions involving transitions of tree cover to/from grass/shrub (Figure 1) [38].



Calculating the spatial and temporal frequency of LCMAP primary land cover change assisted our ability to determine disturbed and relatively undisturbed forested watershed pairs (Figure 2). Tabulating the number of LCMAP LCACHG land cover class changes between 1985 and 2016 provided a quantification of disturbance level. We selected pairs with heightened land cover change, or ‘high disturbance’ (HD), and relatively minimal land cover change during the study period, or ‘low disturbance’ (LD), that also align with the main regional-level land cover class changes reported in published syntheses for all Level III ecoregions in the United States between 1973 and 2000 (Figure 3a,b) [46,47,48,49]. In the 30 different ecoregions of the Western United States and the 17 Midwest-South Central United States ecoregions, tree cover conversions related to timber harvest had the highest rates of change of all land cover class conversions [46,48]. In the 20 ecoregions of the Eastern United States, tree cover conversion related to timber harvest and transitions to developed land were dominant in heavily forested ecoregions [49].




2.3. Streamflow Data


Historical stream conditions used in this study are available through the USGS National Water Information System (NWIS) [50]. The temporal periods for which data are available vary by gage and data type. For this study, monthly streamflow data (ft3 s−1) for each gage location were obtained from the NWIS for each study watershed and the corresponding study years. Flow rates and accumulation were calculated for each water year (1 October–30 September) in this study.




2.4. Precipitation and Evaporation Data


Spatially explicit gridded (4 km) estimations of precipitation data are available from the Parameter-elevation Regressions on Independent Slopes Model (PRISM) Climate Group for the entire CONUS [51]. These data are derived by modeling ground observations available from monitoring networks. PRISM incorporates daily and monthly precipitation data (both rain and melted snow) to generate totals of precipitation using a modeling framework (M3) for years 1981 to present. Monthly average precipitation was used to calculate annual water year precipitation summaries. Precipitation was determined by extracting data from all PRISM grids that intersect, and are within, the watershed boundary.



An argument toward eliminating redundancy in terminology and the appropriate use of the terms evapotranspiration versus evaporation has received some attention in the literature [52]. Therefore, in this study we hereafter refer to the flux of water to the atmosphere via plant stomata (transpiration), plant surfaces (intercepted evaporation), bare soil (soil evaporation), and water surfaces (open water evaporation) as evaporation. Due to a lack of in situ observations of evaporation from eddy covariance towers, bowen ratio energy balance stations, or weighing lysimeters in our study watersheds, and for consistency across all sites, we examine spatially gridded (25-km) Global Land Evaporation Amsterdam Model version 3.5a (GLEAM) data for analysis of actual evaporation (ETa) and potential evaporation (ETp) in this study [53,54]. GLEAM data are derived from a combination of (1) potential evaporation calculated by the Priestley–Taylor method that is driven by observed meteorology, (2) detailed parameterization of forest interception of observed precipitation using a Gash analytical model, (3) a semi-empirical evaporative stress model representing connections to root-zone moisture, and (4) a multi-layer soil module that is driven by observed precipitation and soil moisture. Evaporation estimations were made by first extracting all data from GLEAM grids that intersect, or are within, the watershed boundary. Then, due to the coarse spatial resolution of the GLEAM data, a weighted average evaporation value was calculated for each monthly data point with weights representing the area of the watershed that each GLEAM grid represents. Evaporation accumulation was calculated for each water year in this study.




2.5. Watershed Delineation, Soils, and Runoff


The drainage area for each of the watersheds was delineated using 30-m digital elevation models (DEMs) from the USGS National Elevation Dataset (NED) [55]. The locations in Table 1 were used to delineate upstream contributing areas from defined USGS streamgage coordinates based upon a flow direction and flow accumulation. The elevation-derived watershed boundaries were then used to extract the annual land cover data. Finally, we compiled soil texture data for each watershed in this study from the State Soil Geographic Dataset (STATSGO) [56] to provide soil type, soil texture, and information on potential spatial differences in infiltration distribution.



Runoff from a watershed was calculated as a coefficient that related the total precipitation within a watershed to recorded streamflow. For this study, the precipitation was derived from the monthly average PRISM precipitation, summarized by water year [51], and annual water year streamflow data were compiled from USGS streamgages in Table 1. Both variables were normalized by the area of the watershed to calculate the runoff coefficient (RO):


  R O =   Q / A   P / A    



(1)




where Q is the annual water year stream streamflow, P is the annual water year average precipitation including rain and snowmelt, and A is the total area of the drainage basin based on the watershed delineation calculated from the streamgage location and the DEM.




2.6. Details of Watershed Pairs


The following section describes details pertaining to geographic location, forest composition, LCMAP land cover composition, and LCMAP land cover change for each watershed pair in this study. Expanded details on each watershed pair’s hydrology, soils, and climate can be found in the Supplementary Materials. Defined by criteria outlined in Section 2, we selected sites in different forested ecosystems in the Pacific Northwest Cascades (Washington) (Figure 4), Four Corners region (Colorado) (Figure 5), Southern Appalachia (Alabama) (Figure 6), and the midwestern Northwoods (Wisconsin/Michigan) (Figure 7). Details of location, ecoregions, forest group type composition, soil textures, precipitation, streamflow, and common disturbance sources can be found in Table 2 and Table 3.




2.7. Land Change Dynamics and Water Balance Calculation


To determine the stable period (SP) and the disturbed period (DP) in each watershed, a Pettitt’s test [58] was performed on the total annual area of change in the HD watershed as determined by the LCMAP LCACHG product. This method determines (1) if there is a break in the trend of land cover change data indicating a substantial change to the disturbed watershed’s land cover, and (2) significance of a trend break if there is one. Once SP and DP were determined, the water balance was calculated for each time period in each watershed (i.e., both HD and LD) using Equation (2).


    d S   d T   = P − E − Q  



(2)




where dS/dT is the change in storage, P is annual water year precipitation, E is annual water year evaporation, Q is annual water year streamflow, and all units are in cm year−1. Interactions with groundwater were neglected in the water balance equation due to insufficient in situ data at each study site.





3. Results


3.1. Pacific Northwest Cascades (Washington)


3.1.1. Land Cover Change and Runoff in Washington


Analysis of the LCMAP LCPRI product shows that the HD watershed has average cover percentages of 0.05% developed, 0% cropland, 14.9% grass/shrub, 81.7% tree cover, 0.1% water, 2.5% wetland, and 0.8% barren from 1985–2016. By far, the largest land cover class conversion in both watersheds was conversion of tree cover to grass/shrub, followed by conversion of grass/shrub to tree cover (Figure 8a). Our LCPRI analysis shows a decrease of roughly 13% (49 km2) from tree cover to grass/shrub in the HD watershed. Net loss of tree cover occurred in the HD watershed in 69% (22 of 32 years) of this study period, including 1988 and 1992–2013, except 2000. Net changes to tree cover in the HD watershed averaged a loss of −1.6 km2 year−1, with maximum losses of −8.1 km2 in 2006 and −8.4 km2 in 2007. Except for 2003, tree cover losses in the HD began to accelerate after 2000. Results of the Pettitt’s test determined there was a significant break in the LCACHG data for the HD watershed in 2001 (two-sided p-value = 0.009). Therefore, the SP is defined in this study as 1992–2000 and the DP is defined as 2001–2016 for the watershed pair in Washington.



The LD watershed has average cover percentages of 0.06% developed, 0% cropland, 16.3% grass/shrub, 80.9% tree cover, 0.1% water, 1.4% wetland, and 1.1% barren. Our LCACHG data analysis shows very minimal land cover class change throughout the study period in the LD watershed. Here, the only two land cover class changes were transitions from grass/shrub to tree cover and tree cover to grass/shrub and a net change of tree cover of only 1.4 km2 occurred in the LD watershed (Figure 8b). Minimal losses (less than 1%) in tree cover occurred in 29% (9 of 31 years) of the study period, minimal gains occurred in 6% (2 of 31 years), and no substantial land cover change occurred in the remaining 65% (20 of 31) of years including two continuous periods: 1988–2002 and 2008–2012.



Examination of the period of highest land cover change shows that cumulative forest mortality, estimated in milligrams (Mg) of above-ground carbon (AGC), due to insect infestations in HD (941,987 Mg AGC ha−1) exceeds LD (123,917 Mg AGC ha−1) between 2003–2012 by over 818,000 Mg AGC ha−1 (Figure 9; [45]). Affected forest groups are primarily lodgepole pine (Pinus contorta), Douglas-fir (Pseudotsuga menziesii), and fir/spruce/mountain hemlock (Abies spp., Picea spp., and Tsuga spp., respectively) groups. Peak mortality in the HD occurred in 2005 with 364,847 Mg AGC ha−1, representing 39% of the total mortality in the HD during the 2003–2012 period.



Our results show large differences in runoff and streamflow between HD and LD watersheds. Furthermore, even though the LD watershed received nearly double the precipitation, RO in the HD watershed was higher for all years of comparable data (1992–2016) except 2006 (Figure 8). In the only year where the LD watershed had a higher RO, the difference was negligible: only 0.02. RO increased in both watersheds at a rate of 0.004 year−1 throughout the comparable study period. The HD watershed in Washington recorded the highest RO value of any watershed, from any study site, during this study with a value of 0.95 in 1996.




3.1.2. Precipitation and Streamflow in Washington


Although the Washington watersheds are only located 40 km away from one another, the LD watershed receives, on average, roughly 70% more precipitation (Figure 10). Sleeter et al. [46] reported a range of average annual precipitation in the Cascades ecoregion of 1.3–3.8 m, while in the Eastern Cascades Slopes and Foothills ecoregion, precipitation varies from 0.5 m in the eastern areas of the ecoregion to 3.0 m in the western areas of the ecoregion. During this study, average annual precipitation received was 1.7 m and 1.0 m, with ranges of 1.0–2.5 m and 0.6–1.5 m, in the LD and HD watersheds, respectively. These watersheds were anomalously wet for 47% of years from 1985–2016. Following a prolonged dry period of anomalously low precipitation from 1985–1994, there was a 6-year wet period from 1995–2000. The 1995–1996 La Niña event was one of the 20 strongest since 1950, which resulted in below average water year winter temperatures but above average precipitation of 30–40 cm in the Cascades of Washington [59]. An increase in streamflow coincided with the increased precipitation during 1996–1999 and average streamflow rates were 8.9 m3 s−1 and 12.7 m3 s−1 for the LD and HD watersheds, respectively. From 2001–2008, six out of eight years were anomalously dry (exceptions: 2002 and 2006), then during a prolonged wet period from 2009–2016, only two years were wetter than average (2014 and 2015). The wettest year was 1997 where water year precipitation anomalies were roughly 40 cm above normal [59]. The driest year was 2001 when water year anomalies were roughly 25 cm below normal [59]. Overall, precipitation increased at rates of 3 mm year−1 and 4 mm year−1 in the LD and HD watersheds, respectively, throughout the 1985–2016 period.



There was a streamflow gap between the LD and HD watersheds where the HD watershed had a higher flow rate in all years of comparable data. Average streamflow rates were 6.4 m3 s−1 and 8.8 m3 s−1 with ranges of 3.1–9.8 m3 s−1 and 4.0–15.3 m3 s−1 in the LD and HD watersheds, respectively. Streamflow in the HD watershed averages 2.2 m3 s−1 higher than in the LD watershed for all comparable years in the study period, or all 25 years where data for both watersheds are available (1992–2016). After 2001, the flow rates steadily increased at rates of 0.08 m3 s−1 per year and 0.18 m3 s−1 per year until 2016 for the LD and HD watersheds, respectively. Streamflow rates increased by 0.03 m3 s−1 per year and 0.04 m3 s−1 per year in the LD and HD watersheds, respectively, during the study period. Overall, although the LD watershed experienced nearly double the precipitation compared to the HD watershed, streamflow was still lower in all years (Figure 10). Comparing cumulative P and Q for this watershed pair shows that in the LD watershed, both variables follow similar slopes and trajectories. However, in the HD watershed, a divergence in the trajectories of the curves occurs between 1997 and 2000 (Figure 11) that coincides with the beginning of a period of heightened tree cover loss in the HD watershed. The divergence between cumulative P and Q in the HD watershed continued until the end of the study period.




3.1.3. Water Balance Components in Washington


Both the HD and LD watersheds in the Eastern Cascades are fundamentally energy-limited systems, as opposed to water-limited systems. Precipitation is predictably seasonal, as previously described, with the majority of precipitation occurring in the form of snow in late autumn and winter months (Figure 12). Seasonal fluctuations of evaporation occur out of phase from precipitation, where the highest values occur in summer months (July–September) and lowest during winter months (December–February). Examining our annual average water year evaporation data shows that the evaporative ratio (ER), defined here as the fraction of actual evaporation to potential evaporation, exceeds 90% in all years but one: 2007. Although evaporation decreased slightly during the DP, the ER steadily decreased each year from 96% in 1997 to 90% in 2001, just prior to when the land cover change break that defines the boundary between SP and DP occurred (Figure 12b). During the DP, the highest tree cover loss occurred in a period of consecutive years (2006–2010) where the average water year ER was only 79%. Streamflow seasonally fluctuates with peaks in spring (May–June), coinciding with snowmelt, and is reduced to annual minimum at the end of summer and beginning of autumn (August–October). The highest water year streamflow (12 cm year−1) was in 1996 and the lowest was in 2001 (3 cm year−1) (Figure 12c). When comparing average annual water year value changes transitioning from the SP (1992–2000) to the DP (2001–2016), the HD watershed experienced a decrease in precipitation (−10.0%), a decrease in evaporation (−3.6%), and a decrease in streamflow (−11.3%) resulting in a decrease in storage (−32.1%) (Figure 13a and Table 4).



In the LD watershed, the ER remained at or above 98% for every year except 2003 when it dropped to 94% (Figure 12f). Streamflow here has a similar seasonal pattern to the HD watershed, but the maximum water year streamflow was in 1997 (15 cm year−1) and the minimum streamflow was, just as in the HD watershed, in 2001 (5 cm year−1) (Figure 12g). The LD watershed also experienced decreases in precipitation (−11.4%), streamflow (−8.2%), and storage (−25.5%), but a slight increase in evaporation (1.4%) in transition from the SP to the DP, as defined by the HD watershed (Figure 13b and Table 4).





3.2. Four Corners Region (Colorado)


3.2.1. Land Cover Change and Runoff in Colorado


The HD watershed has average cover percentages of 0.5% developed, 4.0% cropland, 42.5% grass/shrub, 51.2% tree cover, 0.1% water, 0.5% wetland, 0.04% snow/ice, and 1.1% barren over the LCMAP time period (1985–2016). Interannual land cover change in the HD watershed was quite variable, but the most dominant class changes are primarily associated with tree cover conversions to grass/shrub, and secondarily associated with cropland conversions (Figure 14). Net tree cover loss in the HD watershed occurred in 77% (24 of 31 years) of the study period, including all years except 1986, 1992, 2005–2006, and 2014–2016, amounting to a loss of 16.9% (229 km2) of tree cover from 1985–2016. There was also a net loss of 0.6% (7.5 km2) of cropland, and very small gains of developed land (0.15%, 2.0 km2) and barren land (0.01%, 0.11 km2) during this study period. Results of the Pettitt’s test determined a significant break in the LCACHG data for the HD watershed in 1999 (two-sided p-value = 0.003). Therefore, the SP is defined in this study as 1985–1998 and the DP is defined as 1999–2016 for the watershed pair in Colorado.



By far, the largest losses of tree cover in the HD watershed, according to LCACHG data, were after nine different wildfires (Figure 15). The largest LCACHG values reported that are related to fire were in 1997 with a 14 km2 decrease (Chapin No. 5 Fire-Started: 18 August 1996; burn perimeter: 20 km2), in 2001 with an 88 km2 decrease (Bircher Fire—Started: 20 July 2000; burn perimeter: 94 km2; Pony Fire—Started: 2 August 2000; burn perimeter: 21 km2), and in 2012 with a 22 km2 decrease (Weber Fire—Started: 22 June 2012; burn perimeter: 41 km2) [43].



The LD watershed has average cover percentages of 0.2% developed, 1.1% cropland, 42.7% grass/shrub, 50.9% tree cover, 0.1% water, 2.6% wetland, 0.06% snow/ice, and 2.3% barren. The only land cover class changes over in this watershed over the study period were represented by a 2% (18 km2) increase in grass/shrub resulting from a conversion of tree cover and cropland (Figure 14b).



RO in both the HD and LD watersheds was quite low, averaging only 0.05 and 0.08, respectively, for the 1985–2016 study period (Figure 14). Although land cover changes were far greater in the HD watershed, RO in the LD watershed was higher overall. Variability in the HD watershed was greater, ranging from 0.01–0.14, compared to the LD watershed that experienced a range of 0.04–0.14. Peak RO for both watersheds occurred in the same year as peak streamflow: 1987. A steady decline in precipitation, RO, and streamflow occurred in both the HD and LD watersheds until 2013. Runoff was higher in the LD watershed for all years except 1992–1994, 1997, and 2005.




3.2.2. Precipitation and Streamflow in Colorado


The Colorado watersheds are 116 km away from one another yet receive nearly identical precipitation that was below 0.75 m3 year−1 (Figure 16). Sleeter et al. [46] reported that the vast majority (~75%) of the annual average precipitation, which ranges from 0.25–1.0 m, was received in the form of snow during winter months. During this study, precipitation averages 0.5 m in both watersheds and ranges from 0.3–0.7 m and 0.2–0.7 m for the LD and HD watersheds, respectively. The difference in streamflow between HD and LD watersheds was moderate and related to tree cover conversion in Colorado. Streamflow is not consistently higher in the HD watershed but exhibits a flashier regime (Figure 16). Streamflow in the HD watershed was higher than in the LD watershed for 53% of the study period, or 17 of the 32 years. Over the study period, precipitation decreased at a rate of −3 mm year−1 and −4 mm year−1 in the LD and HD watersheds, respectively. Annual streamflow differences are enhanced in 1987, 1992, 1993, 1997, and 2005. In each of these years the HD watershed experiences 1.31 m3 s−1, 1.02 m3 s−1, 1.80 m3 s−1, 1.28 m3 s−1, 1.52 m3 s−1 higher streamflow for the previously listed years, respectively. Here, streamflow rates have decreased throughout the study period at rates of 0.01 m3 s−1 m3 s−1 per year and 0.04 m3 s−1 per year for the LD and HD watersheds, respectively.



Average streamflow in the LD and HD watersheds was 1.1 m3 s−1 and 1.2 m3 s−1, with ranges of 0.5–1.9 m3 s−1 and 0.1–3.2 m3 s−1, respectively (Figure 16). Precipitation anomalies are quite variable prior to 2000. From 1985–2000, 63% of years (10 of 16) experienced anomalously high precipitation. After 2000, 75% of years (12 of 16) experienced anomalously low precipitation. The wettest year was 1999 and the driest year was 2002. Comparison of cumulative P and Q for this watershed pair shows that in the LD watershed, both variables follow similar slopes and trajectories with only a very slight difference from 1998–2004. However, in the HD watershed, a divergence in the trajectories of the curves begins around 1999 (Figure 17) and coincides with a large decrease in tree cover in the HD watershed. The divergence between cumulative P and Q in the HD watershed continued until the end of the study period.




3.2.3. Water Balance Components in Colorado


Both the HD and LD watersheds in Colorado are water-limited systems where seasonal precipitation peaks in late autumn and winter months with the majority of precipitation delivered in the form of snow (Figure 18). Seasonal fluctuations of evaporation occur out of phase from precipitation, where highest values may occur from late spring to early autumn (May–September) and lowest during winter months (December–February). Here in the HD watershed, ER averaged only 59%, reached a minimum of 30% in 2002, and a maximum of 82% in 1986. ER averaged 68% for the SP (1985–1998) and averaged 52% after wildfires and loss of tree cover during the DP (1999–2016) (Figure 18b). During the DP, the lowest ER values occur in years during wildfires (2000: 43%) or immediately following wildfires (2002: 30%, 2012: 39%). Streamflow seasonally fluctuates with peaks in spring (May–June), coinciding with snowmelt, and is reduced to annual minimum at the end of summer and beginning of autumn (August–October). The highest water year streamflow (0.76 cm year−1) was in 1987 and the lowest was in 2002 (0.03 cm year−1) (Figure 18c). When comparing average annual water year values transitioning from the SP to the DP, the HD watershed experienced a decrease in precipitation (−15.2%), a decrease in evaporation (−20.5%), and a decrease in streamflow (−49.5%) resulting in an increase in storage (26.3%) (Figure 19a and Table 5).



In the LD watershed, ER averaged 76%, reached a minimum of 45% in 2002, and a maximum of 82% in 1986. ER averaged 81% for the SP and averaged 72% during the DP (Figure 18f). Streamflow here has a similar seasonal pattern to the HD watershed, but the maximum water year streamflow was in 1987 (0.71 cm year−1) and the minimum streamflow was, just as in the HD watershed in 2002 (0.18 cm year−1) (Figure 18g). The LD watershed also experienced a decrease in precipitation (−11.1%), a decrease in evaporation (−9.3%), and a decrease in streamflow (−18.3%) resulting in a decrease in storage (−27.1%) in transition from the SP to the DP, as defined by the HD watershed (Figure 19b and Table 5).





3.3. Southern Appalachia (Alabama)


3.3.1. Land Cover Change and Runoff in Alabama


The HD watershed has average cover percentages of 4.5% developed, 14.9% cropland, 8.7% grass/shrub, 70.1% tree cover, 0.1% water, 1.5% wetland, and 0.2% barren. The HD watershed experienced a seemingly small gain (0.75% or 1.97 km2) of tree cover when only comparing LCPRI values in 1985 and 2016. However, there were periods of gain and loss between 1985 and 2016. Tree cover increased 1.4% (3.7 km2) during 1985–1993, decreased 7.7% (−20.2 km2) during 1994–2000, increased 6.7% (17.5 km2) during 2001–2013, and then decreased 0.7% (−1.8 km2) during 2014–2016 (Figure 20a). Dominant land cover class changes were between tree cover and grass/shrub with minimal amounts of conversions between grass/shrub and cropland, developed land, and barren land (Figure 20). Results of the Pettitt’s test determined a significant break in the LCACHG data for the HD watershed in 2006 (two-sided p-value = 0.003). Therefore, the DP is defined in this study as 1994–2005 and the SP is defined as 2006–2016 for the watershed pair in Alabama. The DP includes disturbances from both tree cover reduction (i.e., commercial timber harvest) and regeneration.



The LD watershed has average cover percentages of 0.3% developed, 1.6% cropland, 0.4% grass/shrub, 97.3% tree cover, 0.01% water, 0.5% wetland, and 0.01% barren over the LCMAP time period (1985–2016). In 44% of the study period (14 of 32 years), no land cover class changed more than 0.2 km2 in the LD watershed (Figure 20b). In the remaining 66% of the study period, very minimal land cover class changes were only associated with conversions between tree cover and grass/shrub classes. Net tree cover losses occurred in 22% (7 of 32) of years with losses ranging from 0.17 km2 in 2004 to 0.46 km2 in 2010. Net tree cover gains occurred in 38% (12 of 32) of years ranging from 0.02 km2 in 2006 to 0.35 km2 in 1987 with stable land cover in the remaining 44% (14 of 32) of years.



Although RO values are quite similar between HD and LD watersheds, some time periods had important differences. Because streamflow data for the HD watershed are limited to 1994 onward, these are the only years that will be compared. In 1994 both watersheds had identical RO values: 0.4 (Figure 20). When precipitation anomalies became positive in 1996–1997 during increasing tree cover loss, RO in the LD watershed increased to 0.53 and the HD watershed increased to 0.56. These were the highest RO values for both watersheds in the entire study period. RO in the LD watershed then decreased rapidly to 0.40 in 1998 while RO in the HD watershed remained relatively high at 0.52, then both watersheds experienced decreases in RO until 2000, reaching values of 0.30 and 0.45 in the LD and HD watersheds, respectively. RO then increased in both watersheds until 2003, then decreased until 2008. Once again, RO increased somewhat rapidly in 2009 and again in 2010, then decreased in 2011 and 2012. RO slightly increased again for the rest of the study period after 2012. In general, RO spiked in 1997, 2003, and 2010, and reached lows in 2000, 2008, and 2012.




3.3.2. Precipitation and Streamflow in Alabama


This region of Southern Appalachia receives average precipitation ranging from 1–2 m annually [60]. These watersheds experience nearly identical annual precipitation with averages of 1.5 m and 1.6 m and ranges of 1.0–2.0 m and 1.0–2.1 m for the LD and HD watersheds, respectively (Figure 21). The LD watershed experienced an increase in precipitation between 1985 and 2016 of 5 mm year−1 but experienced a slight decrease in precipitation between 1994 and 2016 at a rate of −0.3 mm year−1. The HD watershed experienced an increase in precipitation between 1985 and 2016 at a rate of 7 mm year−1 and experienced a slight increase in precipitation between 1994 and 2016 at a rate of 3 mm year−1. During 1985–2016, 53% of years (17 of 32) were anomalously dry, and during 1994–2016 it was anomalously dry 43% of the time (10 of 23 years). The wettest periods were during 1989–1991, 2001–2005, and 2009–2013, while the driest periods were during 1986–1988, 1998–2000, and 2006–2008. During the period of comparable streamflow data (1994–2016), the wettest year was 2009, while the driest year was 2000.



Previous research reports that waterways in this region are perennial, and average monthly streamflow was strongly seasonal, varying from 0.52 m3 s−1 in August to 10.7 m3 s−1 in March [61]. In this study, average annual streamflow rates for the LD and HD watersheds are 4.5 m3 s−1 and 5.5 m3 s−1 with ranges of 1.5–7.8 m3 s−1 and 2.9–8.3 m3 s−1, respectively (Figure 21). The HD watershed has a higher streamflow rate in all years of comparable data (1994–2016). Streamflow rates follow similar patterns of increase and decrease annually but are offset slightly with the HD watershed experiencing a 0.92 m3 s−1 higher streamflow on average. However, both watersheds experienced decreased rates of streamflow during 1994–2016 at rates of −0.03 m3 s−1 per year and −0.02 m3 s−1 per year for the LD and HD watersheds, respectively. Comparing cumulative P and Q for this watershed pair shows that, in both watersheds, both variables follow similar slopes and trajectories throughout the study period. In the HD watershed, two very minimal divergences in the trajectories of the curves occur that coincide with periods of tree cover loss and gain during 1994–2000 and 2001–2007, respectively (Figure 22).




3.3.3. Water Balance Components in Alabama


Both the HD and LD watersheds in Alabama are energy-limited systems. Seasonal precipitation peaks in winter months (December–January) (Figure 23). Seasonal fluctuations of evaporation occur out of phase from precipitation, where highest values occur when energy availability is highest (July) and lowest during winter months (December–February). In the HD watershed, ER averaged 99%, reached a minimum of 93% in 1999, and had a maximum of 100% in 1994, 2001, 2007–2008, and 2013–2016. During the DP (1994–2005), after a period of tree cover loss from logging and a regeneration, ER averaged 97% but then increased to average 100% during the SP (2006–2016) (Figure 23b). During the DP, the lowest ER value occurred at the height of tree cover loss (1999–2000). Streamflow seasonally fluctuates with peaks in spring (May–June), coinciding with snowmelt, and is reduced to annual minimum at the end of summer and beginning of autumn (August-October). The highest water year streamflow (10 cm year−1) was in 1997 and the lowest was in 2008 (3.5 cm year−1) (Figure 23c). When comparing average annual water year values transitioning from the DP to the SP, the HD watershed experienced a decrease in precipitation (−2.1%), an increase in evaporation (6.3%), and a decrease in streamflow (−11.8%) resulting in a decrease in storage (−14.5%) (Figure 24a and Table 6).



In the LD watershed, ER averaged 97%, reached a minimum of 92% in 2007, and had a maximum of 98% in 57% of the years of this study (1994–1998, 2003–2005, 2012–2016). ER averaged 97% during both the DP and SP (Figure 23f). Streamflow in the LD watershed has a similar seasonal pattern to the HD watershed, but the maximum water year streamflow was in 1997 (9.5 cm year−1) and the minimum streamflow was in 2008 (2.8 cm year−1), just as in the HD watershed (Figure 23g). Transitioning from the DP to the SP, the LD watershed also experienced a decrease in precipitation (−4.4%), an increase in evaporation (2.4%), and a decrease in streamflow (−15.9%) resulting in a decrease in storage (−13.2%) (Figure 24b and Table 6).





3.4. Midwestern Northwoods (Wisconsin/Michigan)


3.4.1. Land Cover Change and Runoff in Wisconsin/Michigan


The HD watershed in the Wisconsin/Michigan pair has average cover percentages of 1.4% developed, 3.3% cropland, 5.3% grass/shrub, 73.4% tree cover, 4.6% water, 12.1% wetland, and 0.01% barren. In the HD watershed, there was a net loss of 13 km2 of tree cover between 1985 and 1993 (Figure 25a). In 1994 alone, a net loss of 13 km2 occurred and net losses occurred every year after 1994, totaling a net loss of 63 km2 from 1994–2009. During 2010–2016 the HD watershed experienced a slight increase in tree cover totaling a net rebound of 4 km2. In total, the HD watershed experienced a net loss of 82 km2 (2.1% of the watershed) of tree cover and 4 km2 (0.1%) of water that was converted primarily to grass/shrub (1.7%, 66.3 km2) with small fractions converted to cropland (0.4%, 15.3 km2), developed land (0.1%, 4.5 km2), and barren land (0.01%, 0.4 km2) over the entire study period. Heightened land cover change occurred after 2004, according to LCMAP LCACHG analysis (Figure 25). Results of the Pettitt’s test determined a significant break in the LCACHG data for the HD watershed in 2005 (two-sided p-value = 0.001). Therefore, the SP is defined in this study as 1985–2004 and the DP is defined as 2005–2016 for the watershed pair in Wisconsin/Michigan.



The LD watershed has average cover percentages of 1.1% developed, 3.6% cropland, 2.1% grass/shrub, 72.2% tree cover, 3.8% water, 17.3% wetland, and 0.02% barren over the LCMAP time period (1985–2016). Small changes in tree cover over 1 km2 occurred in the LD classes in 65% of the study period (1986–2016) but only ranged from −0.02 km2 in 2001 to −3 km2 in 1989 with a total loss representing only 0.6% of the watershed (Figure 25b). Although minimal, the largest tree cover losses in the LD watershed occurred between 1987 and 1990.



Average RO values were 0.40 and 0.38 with ranges of 0.26–0.56 and 0.23–0.57 in the LD and HD watersheds, respectively (Figure 25). Highest RO in the LD (HD) watershed occurred in 1986 (1987) and lowest occurred in 2010 and 2012 (2010). RO results show a very small negative trend over the entire study period at rates of −0.003 year−1 in both watersheds. RO in the LD watershed was higher than the HD watershed in 66% (21 of 32 years) of the study period. Patterns of RO between the two watersheds follow each other closely where increases and decreases occur nearly simultaneously with only a few exceptions (1987, 1996, 1999, 2000, 2005, and 2012). In all but two of these exception years (1996 and 1999) the HD watershed experienced increased or sustained RO while the LD watershed experienced a decrease in RO. Runoff in both watersheds had a negative trend until 2010 when it then began a positive trend until the end of the study period.




3.4.2. Precipitation and Streamflow in Wisconsin/Michigan


The Wisconsin/Michigan watersheds are 101 km away from each other just south of Lake Superior, yet neither of these sites are prone to lake-effect precipitation events and experience relatively consistent precipitation from one year to the next. On average, to this region receives roughly 0.6–0.9 m of precipitation annually [48]. Average annual precipitation in both watersheds was 0.8 m and ranges from 0.6–1.2 m and 0.5–1.2 m for the LD and HD watersheds, respectively (Figure 26). These watersheds experienced anomalously low precipitation 64% of the time (16 out of 25 years) during 1987–2009 (Figure 26). Six of the remaining seven years (86%) during 2010–2016 experienced anomalously high precipitation. The wettest year was 2014 and the driest year was 1987.



Streamflow in these large watersheds was not as consistent as precipitation and is orders of magnitude higher than any of the other watershed pairs in this study. Average annual streamflow in the LD and HD watersheds was 35.1 m3 s−1 and 38.6 m3 s−1, with ranges of 21.9–55.7 m3 s−1 and 22.2–58.0 m3 s−1, respectively. Streamflow in the HD watershed was higher than in the LD watershed for 69% of the study period, or 22 of the 32 years. Both watersheds experienced an increase in precipitation of 4 mm year−1 over the entire study period (1985–2016). Interannual streamflow varies drastically by as much as 22–29 m3 s−1 (e.g., 1986–1987) in both the LD and HD watersheds. Over the entire study period, streamflow in the LD watershed has decreased by −0.1 m3 s−1 per year, while streamflow in the HD watershed has increased by 0.02 m3 s−1 per year. Between 1985 and 2009, during anomalously negative precipitation, streamflow decreased at rates of −0.24 m3 s−1 per year and −0.50 m3 s−1 per year in the LD and HD watersheds, respectively, but then a rapid turnaround occurred where precipitation became anomalously positive during 2010–2016 and streamflow increased at rate of 3.4 m3 s−1 per year in both watersheds (Figure 26). As with the Alabama watershed pair, a comparison of cumulative P and Q here shows that in both watersheds, both variables follow similar slopes and trajectories, and only slight differences occur. In the LD watershed, trajectories diverge slightly between roughly 1996 and 2012, but then the curves converge once again. In the HD watershed, a very minimal divergence in the trajectories of the curves occurs around 2008 (Figure 27). The slight divergence between cumulative P and Q in the HD watershed continued until the end of the study period.




3.4.3. Water Balance Components in Wisconsin/Michigan


Both the HD watershed in northern Wisconsin and LD watershed in the Upper Peninsula of Michigan are energy-limited systems. Seasonal precipitation and evaporation peaks in summer months (June–August) (Figure 28). In the HD watershed, ER averaged 98%, reached a minimum of 93% in 2007, and had a maximum of 100% in 1987. This watershed’s ER surpassed 97% in 81% of the study period. The only years with lower values were 97% in 2010 and 2006, 96% in 2008, 95% in 1988 and 2009, and 93% in 2007. ER averaged 99% for the SP and during the DP, after a period of tree cover loss from logging, averaged 97% (Figure 28b). During the DP, the lowest ER value occurred when tree cover loss accelerated rapidly (2007) and there was a 5-year span after the beginning of the DP when ER decreased from 98% in 2005 to 93% in 2007, then slowly increased until it reached 98% again in 2011. Streamflow seasonally fluctuates with peaks in spring (April–June), coinciding with snowmelt, and is reduced to annual minimum at the end of summer and beginning of autumn (August–October). The highest water year streamflow (4.7 cm year−1) was in 2016 and the lowest was in 2007 (1.8 cm year−1) (Figure 28c). When comparing average annual water year values transitioning from the SP (1985–2004) to the DP (2005–2016), the HD watershed experienced an increase in precipitation (6.2%), an increase in evaporation (1.3%), and a decrease in streamflow (−6.1%), resulting in an increase in storage (34.2%) (Figure 29a and Table 7).



In the LD watershed, ER averaged 98%, reached a minimum of 96% in 2007, and had a maximum of 100% in four of the years of this study (1987, 1993–1995). ER averaged 99% during the SP and 97% during the DP (Figure 28f). Streamflow in the LD watershed has a similar seasonal pattern to the HD watershed, but the maximum water year streamflow was in 1996 (5.2 cm year−1) and the minimum streamflow was in 2012 (2.0 cm year−1) (Figure 28g). Transitioning from the SP to the DP, the LD watershed also experienced an increase in precipitation (4.0%), an increase in evaporation (2.8%), and a decrease in streamflow (−10.8%), resulting in an increase in storage (12.0%) in the DP as defined by the HD watershed (Figure 29b and Table 7).






4. Discussion


This study highlights different ways that land cover change affects water balance dynamics of forested ecosystems. Four forested sites with different sources of disturbance were examined and our results show varying levels of response to disturbance depending on the disturbance type. The frequency, intensity, duration, and type of disturbance ranging from precipitation patterns, insect infestations, wildfire, and logging influence the water balance of each watershed in this study differently. LCMAP science products provide the means to help explain when land cover change occurs so that water balance responses can be examined thoroughly. With the goal of informing forest managers of how our findings may relate to development of future management strategies, the following sections explain potential causes of disturbance impacts on each watershed pair separately because they all exhibit uniquely complex scenarios.



4.1. Pacific Northwest Cascades (Washington)


Our findings indicate that the water balance of the disturbed watershed in the Pacific Northwest seems to be most closely connected to fluctuations in precipitation patterns and less affected by land cover change from insect infestations. Precipitation in the Pacific Northwest is strongly controlled by two different climatic cycles: the Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation (ENSO) [62]. Phases of the PDO shift between negative (cool/wet) and positive (warm/dry) periods lasting up to 20–30 years. Phases of ENSO shift between negative (drier than average in the Pacific Northwest) and positive (wetter than average in the Pacific Northwest) periods typically lasting 9–12 months. During this study, the PDO was in a positive phase from 1985 until it transitioned to a negative phase in roughly 1997. There was also a shift to a very strong El Niño in 1997–1998. Our precipitation data capture this shift, where our sites experienced anomalously dry conditions up until 1994 and then a period of anomalously wet conditions persisted, which coincides with a duration of positive (El Niño) ENSO index values. From 1995–2000 ENSO was primarily negative (La Niña), except from 1997–1998 when our precipitation data indicate a substantial decrease, otherwise it was anomalously wet. This period was followed by a series of El Niño years from 2001–2005 when our precipitation data show negative anomalies. From 2010–2013, a series of years of negative (La Niña) ENSO values persisted until 2013, when another quick transition to positive values in the PDO occurred in roughly 2014, interrupted with a very strong El Niño in 2015, and then ending the study period with negative PDO values and in La Niña conditions. During 2001–2005 and in 2014–2015, the precipitation data reflect anomalies that were expectedly negative because, during the same time periods, the PDO was positive, and ENSO was positive. Streamflow patterns also reflect strong similarities to patterns of the PDO and ENSO in our analysis. However, aside from precipitation, we aim to discern if disturbance in the form of insect infestations, wildfire, and ultimately, land cover change was affecting the water balance as well.



The leading land cover conversions (98%) in both the Eastern Cascades Slopes and Foothills ecoregion and Cascades ecoregion between 1973 and 2000 were associated with tree cover conversions to grass/shrub related to insect infestations, wildfire, timber harvest, and forest regeneration [46]. The HD watershed (Klickitat River) begins flowing through a broad canyon in the upper reaches, then the canyon constricts into a tight, rock-walled gorge with rocky channel downstream. This watershed consists of a basalt plateau several thousand meters thick that exhibits gentle topographic relief but has been incised by deep (~200–500 m) steep-walled canyons carved by the watershed’s stream/river network [57,63]. Soils in the watershed are described as well-drained, highly porous, and not prone to high levels of compaction or erosion [63]. Thus, insect infestations, wildfire, and steep topography have the capability to proliferate runoff in these watersheds once tree cover is removed. Two wildfires occurred in the HD watershed during this study period: 1994 Yedlick Fire (17.5 km2) and 2009 Discovery Fire (17.2 km2) [43]. The second highest RO value was in 2011 (0.85) after years of insect infestations [45,64] and two years after the Discovery Fire. Cumulative streamflow diverges from cumulative precipitation in the HD watershed within a few years of the break between SP and DP, indicating that streamflow response may be found at the beginning of land cover change.



Bark beetle infestations have been a reoccurring problem in the Cascades region [45]. Species of bark beetles, including the Douglas-fir beetle (Dendroctonus pseudotsugae Hopkins), fir engraver (Scolytus ventralis LeCont), spruce beetle (Dendroctonus rufipennis Kirby), pine bark beetles (Dendroctonus ponderosae Hopkins, Dendroctonus brevicomis LeConte and Ips spp.), and California fivespined ips (Ips paraconfusus Lanier), branch and terminal insects such as the oak pit scales (Asterolecanium spp.), and defoliators such as the Western spruce budworm (Choristoneura occidentalis Freeman), have decimated large portions of the forest ecosystem in the HD watershed [64]. Proliferation of such infestations was noted in the 1970s and documented to have heightened in the 1990s and 2000s [65]. Lodgepole pine mortality in the Cascades from mountain pine beetles (MPB) began increasing rapidly in 1999–2000 [66]. MPB can kill up to 80% of a stand [67], and infected trees can begin to fall three to five years after death [68] (see Figure 4 and Figure 9). Between 2001 and 2011 extensive infestations continued to increase and peaked in 2006, when approximately 1.9 million acres (7689 km2) in Washington experienced elevated levels of tree mortality, tree defoliation, or foliar diseases [45,64]. In ponderosa pine and mountain hemlock stands, beetle mortality does not necessarily lead to trees falling within two years of infestation, but they may fall at a rate of 3–5% per year, unless high winds occur [69]. Although mortality is noted in the literature and in the ORNL-DAAC data, a land cover class change is not automatically triggered in the LCMAP CCDC algorithm when beetle kill acts as more of a thinning agent in mixed conifer stands [67]. However, our results were consistent with these reports with a loss of 39 km2 and the largest net conversions from tree cover to grass/shrub (8.1 km2 and 8.4 km2) occurred in 2006 and 2007 in the HD watershed.



In the future, forests of the Pacific Northwest may experience greater stresses due to climate change, which may have a direct impact on evaporation and streamflow. The Fourth Annual National Climate Assessment (NCA) reports direct impacts on tree mortality from predicted changes in forest health, including increased insect infestations due to drought conditions that enhance their chance of survival, increased frequency and severity of wildfire, and altered precipitation patterns that exhibit earlier snowmelt, reduced summer precipitation, and deepened summer droughts [70]. For example, drought-related bark beetle outbreaks and wildfire leads to tree mortality, which typically reduces evaporation and plant-water use [71], potentially increasing streamflow [70]. Productivity of forests in eastern Washington may be reduced by drought stress, making the forests more susceptible to infestations and wildfire, and could increase water-limited forest ecosystems by roughly 32% by the 2020s [72]. However, streamflow may not necessarily increase after beetle-kill or wildfire if species that are present in regrowth or the understory have higher water-use potential than the trees they are replacing [72]. Thick organic layers of topsoil and moss with high water holding capacity may also serve to mitigate what would have led to decreased evaporation and/or increased RO when tree cover is lost. There was a noticeable widening between potential and actual evaporation from 2004–2007, which rebounded slightly in 2008 and 2009, but this feature in the water balance reflects the loss of tree cover. The largest difference occurred during the 2007 water year, which coincides with the largest conversion of tree cover to grass/shrub. In this watershed, the decreased input to the water balance (average annual water year precipitation) overwhelmed small reductions to both output sources (average annual water year evaporation and streamflow) when transitioning from the SP to the DP, and the result was a reduction in storage to the watershed by 32.1% (Table 4). This is an indication of the lack of water limitation in this watershed. Outputs of the water balance are affected by land cover change, but in this case, the change was apparently small enough that adjustments to evaporation and streamflow are overcome by precipitation fluctuations.



The LD watershed in Washington has been utilized as a model for a ‘relatively undisturbed reference watershed’ in restoration planning [73]. During years of heightened insect infestations in the HD watershed (2001–2011), the LD watershed did not experience the same magnitude of tree cover losses. During that time, tree cover in the LD watershed decreased by only 0.4 km2. This watershed remained resilient to tree cover loss that may be attributed to higher precipitation that maintained soils moisture levels above a threshold that increased tree vigor and made them less susceptible to insect infestations. Higher precipitation also likely maintained higher fuel moisture levels that reduced threat of wildfires. Finally, insect infestations were virtually nonexistent in this watershed according to the ORNL-DAAC data [45]. Precipitation decreased by roughly the same percentage in this watershed, but evaporation remained relatively stable. Evaporation remained at near potential evaporation levels throughout the study, indicating plant–water stress was low and is likely why substantial land cover change did not occur in the LD watershed. A lack of reduced evaporation is likely due to retention of tree cover in the absence of land cover change such as in the HD watershed. Streamflow decreased by the same amount as in the HD watershed. The final result was a decrease in storage, but 7% lower than the reduction in the HD watershed.



The Washington watersheds provide an example of how insect infestations can lead to widespread land cover change, resulting in reduced water storage. However, because these watersheds are energy-limited, strong connections to the PDO and ENSO are influential factors that cannot be ignored. Precipitation patterns seem to play a key role in the water balance in these watersheds, with or without land cover change disturbance. The water balance in this tree cover-dominated region with an abundance of coniferous species/pine-dominated (ponderosa pine, Douglas-fir, and lodgepole pine) density, a lack of major urban or agricultural influence (water diversions), an absence of dams, and steep topography exhibits a relationship with land cover change but it may be less influential to the water balance as precipitation patterns. Changes to overstory composition and structure usually result in significant changes to runoff, streamflow, and evaporation. Here, the dense understory and rapid response of forest succession in the Pacific Northwest reduce negative impacts from evaporative losses, and runoff regimes may not be as significantly affected as they are in more arid regions. From our findings, although land cover change is substantial from tree cover to grass/shrub in the HD watershed and streamflow and evaporative losses are reduced, water storage seems to have a stronger link to precipitation patterns in the eastern Cascades forests in the Pacific Northwest.




4.2. Four Corners Region (Colorado)


Our findings indicate that the water balance of the disturbed watershed in the Four Corners region seems to be closely connected to fluctuations in precipitation patterns while land cover change from wildfire seemed to play a secondary role by altering evaporation rates. Precipitation patterns in the Four Corners region of Colorado are primarily influenced by ENSO. Here, positive ENSO (El Niño) values bring warm and wet conditions to the Four Corners region, and the opposite with negative (La Niña) values. ENSO is especially important to the interannual water balance inputs (i.e., water year precipitation) in the Four Corners region because maximum contributions arrive in winter months as snow and the water balance of this region is heavily influenced by sharply changing seasonal patterns. Aside from winter precipitation occurring as snow, summer monsoon rains provide rapid pulses of water in short time periods that can affect streamflow and evaporation dynamics differently than regions experiencing more frequently occurring, lower intensity, precipitation events. Our precipitation anomalies and streamflow records in these Four Corners region watersheds follow the ENSO index closely, where during El Niño years precipitation was higher and subsequent increases in streamflow followed and during La Niña years the opposite occurred. Overall, although the differences in precipitation are quite small, annual streamflow variability in the HD watershed was much higher. When precipitation was higher (lower) in the HD watershed, streamflow was higher (lower). A similar pattern emerges in the LD watershed, but the magnitude of variability was substantially reduced. Decreasing long-term streamflow has been documented in the southern Rocky Mountains including the Four Corners region [74].



The greatest land cover change in these ecoregions during the 1973–2000 time period was a decrease in tree cover due to wildfire, and some minor insect outbreaks (e.g., bark beetle—Dendroctonus spp., Ips spp., and Dryocoetes confusus Swaine) [46]. The Level III ecoregions boundary technically places most of this watershed in the Colorado Plateaus ecoregion. However, the HD watershed was more heavily forested than proportions reported in Sleeter et al. [46] and, thus, the disturbance regime in the Four Corners region is better represented by those associated with the Southern Rockies ecoregion: tree cover decline due to wildfire, timber harvest, and insect outbreaks.



Although numerous fires burned in the middle sections of the watershed primarily covered with Pinyon-Juniper woodland, decreased streamflow may be a combination of climate variability and highly porous soil properties in the lower sections of the watershed that may be reducing runoff (and subsequent streamflow) that enhance deep percolation. The river in the lower reaches is quite shallow and sedimentation after wildfires could be a contributing factor to reduced streamflow recorded at the streamgage [75]. Furthermore, with fires of moderate severity, ground cover is often increased through needle cast and downed trees, protecting the soil from erosion and subsequent runoff of snowmelt/precipitation [76,77,78,79].



Agricultural producers in the upper reaches of the watershed (Mancos Valley) have installed over 50 diversions to provide water for irrigation, sometimes diverting the entire streamflow until demand was met. This, along with noted hydrogeomorphological alterations by numerous beaver dams in the Mancos River [75], could have increased lateral flow/overbank flow that reduced the streamflow, which would normally be recorded by the streamgage at the bottom of the watershed if the river was not so heavily affected upstream. As previously mentioned, 71% of years (12 of 17) after 2000 experienced anomalously low precipitation and, even though massive losses of tree cover occurred, calculated RO remained quite low, which was likely due to lack of precipitation and diversions of available melting snowpack and precipitation in upper reaches of the watershed that reduced recorded streamflow at the bottom of the watershed. Previous research indicates that in some warmer forested regions where wildfire occurs, increased forest openness can result in increased snowpack retention [80,81]. Although minimal, RO increases did occur after the massive fires in 2000 when precipitation anomalies returned close to zero or were slightly positive in 2005, 2007, and 2008. Our results show a divergence of cumulative streamflow and precipitation in the HD watershed that coincides with the beginning of land cover change, indicating that land cover change may be playing a role in streamflow in this region. In general, reservoir retention and agricultural diversions in higher elevation portions of this watershed play a role in reducing flow rates that are recorded in the semiarid to arid sections of the watershed where the streamgage is located, especially during dry periods. Our analysis shows that streamflow in this water-limited region was primarily influenced by precipitation patterns and atmospheric transport of water.



Water balance components in the HD watershed in the Four Corners region follow closely to precipitation patterns and associated ENSO fluctuations. During strong El Niño years, both precipitation and evaporation were elevated. Although, because this is a water-limited system, actual evaporation remains far below potential rates. Thus, resulting streamflow, albeit minimal, was higher in El Niño years. Post-disturbance evaporation diminished from loss of tree cover and conversion to grass/shrub. The lowest evaporation occurred in 2002, which coincides with one of the strongest La Niña events, lowest precipitation of the study period, and lowest streamflow. Compared to the watersheds in the Pacific Northwest, this HD watershed’s understory is far more sparsely vegetated, and soils are far less capable of water retention. Thus, evaporation on average decreases during the DP. On the other hand, during La Niña years, precipitation decreased, as did evaporation and streamflow. Although precipitation decreased during the DP, evaporation and streamflow also decreased, which resulted in an average increase in water storage by 26.3% (Table 5).



Although land cover change was drastically limited in the LD watershed with minimal tree cover loss, RO in this watershed was higher in all years except when streamflow in the HD watershed exceeded what was experienced there: 1992–1994, 1997, and 2005. Municipalities are absent from the Cochetopa Creek watershed and even with reservoir retention at the top of the watershed, ranching operations do not divert water for irrigation such as in the Mancos Valley, which allows for more sustained flows to reach the bottom of the watershed during both wet and dry periods. Interestingly, in this watershed precipitation decreased during the DP, but not as substantially as the HD watershed. Evaporation also decreased but was only reduced by half the amount as in the HD watershed, which may be an indication of the stable land cover. Streamflow decreased as well and in the LD watershed, and water storage was reduced on average by 27.1% (Table 5). With a reduction of evaporation, only half that of the HD watershed, and streamflow only reduced by less than half of that in the HD watershed, storage was reduced when precipitation decreased by nearly the same amount as the HD watershed.




4.3. Southern Appalachia (Alabama)


Precipitation patterns in northern Alabama are not as strongly related to ENSO because of the influence of interactions between air masses from the Plains and Gulf of Mexico. This mutes the ENSO signal to a degree, but previous research reports relationships between ENSO and precipitation patterns and between ENSO and streamflow, but different parts of the state respond differently [82]. This region experiences a variety of impacts from both El Niño and La Niña periods. Sometimes this region was anomalously dry during El Niño (e.g., 1992–1993, 2004), although the strongest El Niño and La Niña periods seemed to produce wetter-than-average and dryer-than-average conditions, respectively. Because these two watersheds are so close, and relatively small, their precipitation receipts are virtually identical. Differences in RO and streamflow reflected land cover changes.



Aside from insect infestation and wildfire, the next most obvious abrupt, noticeable, and (potentially) widespread disturbance to a tree cover-dominated region was logging/timber harvest and/or mechanical disturbance. We selected this site to analyze how tree cover class change affected water balance dynamics in a watershed that experienced substantial plantation-style timber harvest. This method of tree cover conversion introduces disturbances that can affect small parcels of land that are geographically distributed across large spatial scales in a patchwork pattern depending on harvesting practices (i.e., clear-cut versus selective-cut operations). Our results show a few different periods of tree cover changes ranging from presumed tree cover growth during 1985–1991, a harvesting period during 1992–2000, regrowth during 2001–2013, and then another harvesting period from 2014 to the end of the study period. This was consistent with a logging rotation of roughly 8–12 years between harvests in the region. Our analysis of land cover change shows a significant break in the data in 2005, just after a period of tree cover removal and then a period of rapid regeneration. The DP, as statistically defined by the land cover data, includes not only the period of timber harvest but also a period of regrowth, which is reasonable considering disturbances of both events affect water balance dynamics. The SP beginning in 2006 is a period when timber harvest seems to have ceased and forest stands have experienced prolonged and steady regrowth. The steep slopes that sustain dense oak (Quercus spp.) and shortleaf pine (Pinus echinata Mill.) forests are mesic to xeric communities. The differences in the water balance between the HD and LD watersheds was due to sustained timber harvest that disrupts soils, increases RO, and reduces biodiversity of tree species present.



These riverine systems are moderately confined with a dendritic drainage pattern having a moderate to low gradient with many streams and tributaries deeply entrenched in high-walled gorges [83]. Precipitation events cause a hydrological moderate to rapid basin response, and land cover change may also be contributing to frequent late winter/early spring flash flooding [83]. Soils here have developed in sandstone and shale, tend to be moderately deep to deep, well-drained, slow to moderately permeable, and contribute to springs that sustain streamflow during dry periods in late summer [61,83]. In fact, the HD watershed, Clear Creek, gets its name from many mountain springs that flow into it. Eastern U.S. mesophytic forests exhibit increased water-use potential when fire is excluded and logging is absent, thus reducing streamflow because these species have higher transpiration rates than species grown in monocultural plantation-style logging operations [84,85,86,87]. Our results are consistent with this finding in that we saw increased streamflow in this HD watershed.



Water balance components in this watershed are primarily controlled by precipitation because this is another energy-limited watershed pair. Throughout the study, evaporation is sustained at over 94% of the potential level in both the HD and LD watersheds. However, there was a 6.3% increase in evaporation in the HD watershed, while only a 2.4% increase in the LD watershed during the SP (Table 6). Evaporation was reduced in the HD watershed during the DP from removal of tree cover and conversion to/exposure of understory grass/shrub communities that have lower transpiration rates. Tree cover decline led to a steady decline in the ER until 2000, when it then rebounded with regeneration and presumed, decreased timber harvest. This reduction in tree cover not only reduced evaporation, but increased streamflow in the HD watershed, reducing stored water during the harvest period. This finding is consistent with previous research showing an increase (decrease) in runoff in southern forests when a directional land cover change from tree cover to grass/shrub (grass/shrub to tree cover) occurs [19]. In fact, the largest loss of storage of any month in the study was in August of 1999. Although 14.5% more water was stored on average during the DP in the HD watershed, this is likely attributed to greater precipitation and lower evaporation during that period. During the SP, the HD tree cover rebounded, increasing evaporation while precipitation decreased slightly. This reduced streamflow and reduced water stored in the watershed. Only one water year, 2007, had negative water storage and this occurred immediately after the land cover break and at a time where precipitation was low all year. However, this watershed pair is relatively small, and the grid size of the evaporation data may be playing a role in interpretation of water balance impacts. The GLEAM data may be too course to detect intricately small spatial features of evaporation resulting from the patchwork nature of timber harvest in the HD watershed. Implementation of finer-scale gridded datasets than were used in our study would be beneficial for both evaporation and precipitation data analysis.



In the LD watershed, a similar pattern of precipitation, evaporation, and streamflow to the HD watershed occurred. Precipitation decreased slightly more than in the HD watershed (4.4% versus 2.1%), while evaporation did not increase as substantially (2.4% versus 6.3%). This resulted in a greater reduction in streamflow and the overall average reduction of water storage was lower than in the HD watershed. Fluctuations in the water balance of the LD watershed seem to be primarily influenced by fluctuations in precipitation because it is in a national forest that does not experience major disturbances in the form of timber harvest or development.




4.4. Midwestern Northwoods (Wisconsin/Michigan)


These watersheds are subject to one of the most intensively logged geographic areas in the United States for wood pulp and construction materials [48]. In fact, logging increased substantially between 1992 and 2000, where the amount of forest area cleared per year more than doubled after 1980 then remained relatively constant (630–690 km2 year−1) [48]. Both watersheds in the Wisconsin/Michigan region of this study cover large spatial extents, relative to the other watershed pairs in this study, and both have a long history of logging dating back to the early 1800s.



Statistical analysis of the HD watershed shows a significant break in land cover in 2005, which began a period where timber harvest was enhanced. During the DP, the HD watershed experienced increases in precipitation (6.2%) and evaporation (1.3%), which resulted in a decrease in average water year streamflow (6.1%) and an increase in water stored in the watershed (34.2%) (Table 7). This could be due to a greater amount of water collecting in easily saturated soils of this region once timber is removed and soils are disturbed. Precipitation pooling on the soil surface may be a result of an inability for deep percolation into the soil profile and enhanced pooling of water in the hummocky landscape and drainage being reduced. The hummocky topography of the heavily forested St. Croix River portion of the HD watershed, a product of multiple glaciations, has many gradual slopes which slow infiltration of runoff. Closed depressions and irregular surface features interrupt surface drainage patterns forming large, internally drained areas in this watershed [88]. The internal drainage common in these watersheds affects the quantity of water reaching the river systems and can be further reduced after land cover change. Runoff does not fluctuate heavily in these watersheds. These river systems have a strong hydrologic connection to groundwater and base-flow inputs play an important role in streamflow. Holtschlag and Nicholas [89] reported that more than 75% of streamflow in the Middle Branch and East Branch of the LD watershed (Ontonagon River) is derived from deep ground water, and in the HD watershed (St. Croix/Namekagon Rivers), Kampa et al. [90] reported that the watershed’s highly porous soils provide significant streamflow from springs and seeps.



Storage increase seems primarily linked to increase in precipitation, which overcame the slight increase in evaporation. Because this is an energy-limited watershed, the ER remains above 92% for the entire study period. In years immediately following the land cover break (2005), the ER is reduced and the lowest value of the study period occurred in 2007 (93%), which we attribute to the loss of tree cover. The lowest evaporation of any water year occurred in 2009 but was immediately followed by a rapid turnaround where steady increases occurred until the end of the study. Only 3 of the 20 years in the SP had negative annual water year storage, but during the DP, 3 of the 12 years had negative storage. Annual average storage increased during the DP primarily because of increased precipitation. Most land cover changes occurred over a section of the HD watershed that has predominantly sandy soils that are highly permeable although wetlands and saturated soils are extensive and common in this watershed. Although tree cover was reduced, and precipitation increased during the DP, the impacts on streamflow were likely influenced by the extensive distribution of dams and other flow-regulating measures on these waterways. There is only a small deviation in the curves of cumulative precipitation and streamflow, but the departure of the curves roughly coincides with the timing of the land cover break. Thus, although there is a slight change in streamflow, impacts to streamflow due to land cover change are minimized when distinct anthropogenic controls are present.



The LD watershed was not entirely excluded from disturbance. Although commercial timber harvest has vastly diminished since the early 1900s, some harvesting continues with substantially less of an impact when compared to the HD watershed. Mining (primarily copper) was historically extensive in the LD watershed as well; however, land cover conversions associated with this practice were minimal [48]. Thus, although commercial timber production was present in both watersheds, it occurred at a much greater volume in the HD watershed and led to increased land cover class change in this area. The LD watershed has impervious clay soils in the middle and downstream sections of the watershed that increase surface runoff [91]. Cumulative streamflow remains slightly higher than cumulative precipitation for a large portion of the study, which could be due to enhanced contributions of groundwater to the Ontonagon River system compared to inputs of groundwater in the St. Croix/Namekagon watersheds. Similar changes in the water balance components were experienced in the LD watershed with an increase in average water year precipitation, but slightly less than the HD (4.0% versus 6.2%). Evaporation also increased slightly more than in the HD watershed (2.8% versus 1.3%), and streamflow also decreased slightly more (10.8% versus 6.1%). Interestingly, the ER during the DP, as defined by the HD watershed’s land cover change, showed an average decrease in all years in the LD watershed but it never fell below 96%. The lowest ER in any water year matched the same year as in the HD watershed: 2007. This watershed experienced an increase in average water year storage as well, but roughly three times lower than the increase in the HD watershed (12.0% versus 34.2%). Only one year in the LD watershed experienced negative water year storage: 1989.



Our findings indicate, amidst all the other disturbance factors at play in the HD watershed, that precipitation patterns have the most substantial influence on water balance dynamics in this region. Land cover change did affect evaporation but the presence of hydrologic impediments (i.e., dams) controls streamflow in a manner that does not necessarily reflect natural changes to other water balance components. Although other sites in this study seemed to have strong relationships between precipitation patterns and climate indices, such as ENSO and the PDO, this site does not show a clear response during this study period. Anomalies were present that were loosely related to ENSO but may not be directly linked to water balance fluctuations.





5. Conclusions


Many factors influence water balance dynamics in the variety of watersheds examined in this study. The LCMAP data analysis provided key information that facilitated our ability to examine annual water balance impacts resulting from land cover change. We found that land cover change can have a large impact on evaporation, streamflow, and resulting water storage. Our study successfully uses land cover data from the LCMAP initiative to determine timing and magnitude of land cover change in a variety of watershed pairs in forested ecosystems throughout the United States. We found that land cover change in forested ecosystems with different disturbance regimes plays a role in changes to the water balance in the United States, and that land cover change was not uniformly impactful. Spatial distribution and temporal frequency of land cover change are highly influential factors that dictate how the water balance in a particular watershed will respond. All watersheds are unique, and impacts are not easily comparable across space and time given different forest composition, climate, and water-use efficiency of species present. Intricate regional differences in watersheds may become more evident in expansion of this research to finer scales and with a greater number of watersheds examined within each region. However, that approach becomes increasingly complicated because of the requirement of a relatively ‘undisturbed’ watershed in paired watershed studies of this sort. Disturbance is often widespread, which makes undisturbed watersheds difficult to find.



When considering the relative roles that land cover change and precipitation play in changing the water balance in forested ecosystems with different disturbance regimes, we found that fluctuations in evaporation resulting from the land cover change type are a key aspect, but that the water balance in most forested ecosystems is primarily influenced by fluctuations in precipitation. We found that no prescription of impact is based solely on land cover class change. Precipitation patterns emerge from this study as the primary influence of how a water balance is affected by land cover change. Changes in evaporation from disturbances, such as insect infestations or commercial timber harvest, may be altered naturally through forest succession changes or compositional tradeoffs of how water is used in overstory and understory species that are present, or through intervention of human activities, such as the replanting of forest stands utilized for timber harvest, restoration initiatives, or adjustments to forestry practices (thinning versus clear-cut). Many factors (i.e., soils, base flow, and climate) add diversity to the impacts that land cover class change has on the interconnectedness of water balance components. Important variables affecting forest ecosystem evaporation in the future management of land cover change include forest succession and timing of timber harvest, pre- and post-forest fire impacts on soil properties, nutrient cycling, and severity of foliar damage. Forest composition, structure, and over/understory water-use potential are found to be factors that could play key roles in water balance dynamics when disturbance occurs. In energy-limited ecosystems where water is essentially not limited, understory composition is often quite capable of sustaining evaporation when timber is removed by harvest or wildfire. In more arid water-limited regions, loss of tree cover can have larger impacts on runoff and streamflow dynamics when understory composition is more sparse and spatially variant.



In this study, we showed how land cover change timing and magnitude can be analyzed in ways previously unattainable due to the temporal frequency of LCMAP data (i.e., annual data versus epochs spanning multiple years), which can be a valuable tool for the future development of management strategies. Other important variables that may warrant attention in the future management of land cover change impacts on streamflow include stream channel and flood plain morphological alterations, such as erosion and flood control mitigation, habitat maintenance to sustain biologically productive ecosystems, and attention to riparian vegetation structure, composition, and function. We have shown how new LCMAP products provide invaluable insight to land cover change dynamics that aid our ability to understand why impacts across watersheds with similar land cover changes are not uniform. We show how an innovative land cover product can be used to determine if disturbances are significant enough to describe changes to the water balance within a variety of forested ecosystems. We found significant breaks in our land cover data at all four HD watersheds, yet land cover change does not necessarily alter the water balance significantly if changes are spatially distributed in a patchwork fashion, land cover changes are not temporally abrupt, or compositional makeup of the watershed (i.e., overstory–understory dynamics of water use, interception, and transmittance) provides a natural resilience to major water balance changes.



Of particular importance to future forest management is the main consumer of water in the water balance: evaporation. Timing, frequency, and intensity of land cover change affects how evaporation is altered, which is a dominant factor in determining the level of water storage or water loss from a watershed. Precipitation patterns are key factors that provide inputs to the watershed, and land cover change establishes unique runoff, streamflow, and hydrogeological scenarios that are difficult to place into predictable context. In undammed landscapes dominated by tree cover, land cover change in the form of insect infestations, wildfire, and logging are disturbances that are shown to affect a watershed’s water balance. Whereas when dams, diversions, reservoirs, and municipalities are present, the water balance is primarily influenced by precipitation and evaporation patterns because streamflow is controlled by human decision-making.



Future research could advance these findings to investigate regional differences in susceptibility to specific land cover changes in forested ecosystems as well as other major land cover transitions, such as in developed land and involving cropland. This could be expanded to include modeling of land surface properties, including watershed hydrology, where connections between the climate, soil moisture, and groundwater continuum could be scrutinized. Modeling using land cover change products from LCMAP in concert with USGS streamgage data could establish a new understanding of how land cover change affects streamflow, both spatially and temporally. Data products in this analysis were selected that could be uniformly applied across all sites. Gridded precipitation and evaporation data have immense utility, although future studies may be able to overcome some of the limitations in this study by implementing in situ data or finer-scale gridded data that may capture more subtle impacts to the water balance components that coarser-scale gridded data are unable to detect. For example, some localized precipitation events or land cover change could be better represented and improve our understanding of sub-watershed scale features that could focus on critical wildlife habitat, restoration effectiveness, or ecosystem services. Lastly, increasing the temporal frequency of observations for all variables of the water balance would aid our understanding of water balance dynamics beyond annual water year estimations.
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Figure 1. Chart of LCMAP land cover class conversion proportions (%) across the contiguous United States from 1985 to 2016. Key: DV = developed, CP = cropland, GS = grass/shrub, TC = tree Cover, WT = water, WE = wetland, and BR = barren (Source: [38]). 
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Figure 2. Disturbance described by tabulating the number of LCMAP annual land cover change (LCACHG) class conversions across the contiguous United States from 1985–2016. 






Figure 2. Disturbance described by tabulating the number of LCMAP annual land cover change (LCACHG) class conversions across the contiguous United States from 1985–2016.



[image: Land 11 00316 g002]







[image: Land 11 00316 g003 550] 





Figure 3. Map of watershed pair locations overlaid on LCMAP primary land cover (LCPRI) (a) and grouping of Level III ecoregions where regional land cover change syntheses were conducted for the 1973–2000 time period (b) [46,47,48,49]. 
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Figure 4. Map of 2016 LCMAP Primary Land Cover (LCPRI) in the eastern Cascades region of Washington with HD (yellow outline) and LD (black outline) watersheds (a), disturbance identified by LCMAP Annual Land Cover Change (LCACHG) data analysis (b), forest group types (c), LCMAP LCPRI distribution from 1985–2016 in the HD watershed (d) and the LD watershed (e), and tree cover and grass/shrub land cover class changes (f). A vertical gray line in (f) represents the break between stable and disturbed periods. 
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Figure 5. Map of 2016 LCMAP Primary Land Cover (LCPRI) in the southwest region of Colorado with HD (yellow outline) and LD (black outline) watersheds (a), disturbance identified by LCMAP Annual Land Cover Change (LCACHG) data analysis (b), forest type groups (c), LCMAP LCPRI distribution from 1985–2016 in the HD watershed (d) and the LD watershed (e), and emphasis on tree cover and grass/shrub land cover class changes (f). A vertical gray line in (f) represents the break between stable and disturbed periods. 
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Figure 6. Map of 2016 LCMAP Primary Land Cover (LCPRI) in northern Alabama with HD (yellow outline) and LD (black outline) watersheds (a), disturbance identified by LCMAP Annual Land Cover Change (LCACHG) data analysis (b), forest type groups (c), LCMAP LCPRI distribution from 1985–2016 in the HD watershed (d) and the LD watershed (e), and emphasis on tree cover and grass/shrub land cover class changes (f). A vertical gray line in (f) represents the break between stable and disturbed periods. 
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Figure 7. Map of 2016 LCMAP Primary Land Cover (LCPRI) in northern Wisconsin and Michigan with HD (yellow outline) and LD (black outline) watersheds (a), disturbance identified by LCMAP Annual Land Cover Change (LCACHG) data analysis (b), forest type groups (c), LCMAP LCPRI distribution from 1985–2016 in the HD watershed (d) and the LD watershed (e), and tree cover and grass/shrub land cover class changes (f). A vertical gray line in (f) represents the break between stable and disturbed periods. 
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Figure 8. LCMAP Annual Land Cover Change (LCACHG) combinations and runoff coefficients in the HD (Klickitat River) watershed (a) and LD (American River) watershed (b) in Washington. (Key: 34 = grass/shrub to tree cover; 43 = tree cover to grass/shrub). 
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Figure 9. Maps of cumulative forest mortality resulting from insect infestations in the HD (Klickitat River) and LD (American River) watersheds in Washington (a), and cumulative mortality for the entire watershed (b) from 2003–2012 [45]. 
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Figure 10. Water year streamflow, precipitation, and precipitation anomalies in the HD (Klickitat River) watershed and the LD (American River) watershed in Washington. Note: Red triangles indicate years where wildfires occurred in the HD watershed. 
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Figure 11. Cumulative streamflow (Q) and precipitation (P) in the HD (Klickitat River) (solid lines) and LD (Klickitat River) (dashed lines) watersheds in Washington. 
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Figure 12. Monthly water balance components (P: precipitation, ETa, actual evaporation; ETp: potential evaporation, Q: outflow, dS/dT: storage change) for the HD (Klickitat River) watershed (a–d) and the LD (American River) watershed (e–h) in Washington with a vertical gray line indicating the break between the stable period and the disturbed period (DP). 
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Figure 13. Average water year water balance components (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) during the SP (left, dark colors) (1992–2000) and the DP (right, light colors) (2001–2016) time periods for the HD (Klickitat River) (a) and LD (American River) (b) watersheds in Washington. 
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Figure 14. LCMAP Annual Land Cover Change (LCACHG) combinations and runoff coefficients in the HD (Mancos River) watershed (a) and the LD (Cochetopa Creek) watershed (b) in Colorado. Years of wildfire occurrence are highlighted with closed black circles along the x-axis. Note: two fires burned in 2000. (Key: 23 = cropland to grass/shrub; 32 = grass/shrub to cropland; 34 = grass/shrub to tree cover; 43 = tree cover to grass/shrub). 
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Figure 15. Map of forest type groups in the HD (Mancos River) watershed in Colorado with wildland fire perimeters [43]. Gray areas were subject to wildfire. Note: two fires burned in 2000. 
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Figure 16. Water year streamflow, precipitation, and precipitation anomalies in the HD (Mancos River) watershed and the LD (Cochetopa Creek) watershed in Colorado. Note: Red triangles indicate years where wildfires occurred in the HD watershed. 
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Figure 17. Cumulative streamflow (Q) and precipitation (P) in the HD (Mancos River) (solid lines) and LD (Cochetopa Creek) (dashed lines) watersheds in Colorado. 
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Figure 18. Monthly water balance components (P: precipitation, ETa: actual evaporation, ETp: potential evaporation, Q: outflow, dS/dT: storage change) for the HD (Mancos River) watershed (a–d) and the LD (Cochetopa Creek) watershed (e–h) in Colorado with a vertical gray line indicating the break between the stable period (SP) and the disturbed period (DP). 
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Figure 19. Average water year water balance components (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) during the SP (left, dark colors) (1985–1998) and the DP (right, light colors) (1999–2016) time periods for the HD (Mancos River) (a) and LD (Cochetopa Creek) (b) watersheds in Colorado. 






Figure 19. Average water year water balance components (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) during the SP (left, dark colors) (1985–1998) and the DP (right, light colors) (1999–2016) time periods for the HD (Mancos River) (a) and LD (Cochetopa Creek) (b) watersheds in Colorado.
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Figure 20. LCMAP Annual Land Cover Change (LCACHG) combinations and runoff coefficients in the HD (Clear Creek) watershed (a) and the LD (Sipsey Fork) watershed (b) in Alabama. (Key: 12 = developed to cropland; 13 = developed to grass/shrub; 23 = cropland to grass/shrub; 24 = cropland to tree cover; 32 = grass/shrub to cropland; 34 = grass/shrub to tree cover; 41 = tree cover to developed; 42 = tree Cover to cropland; 43 = tree cover to grass/shrub; 48 = tree cover to barren; 83 = barren to grass/shrub). 






Figure 20. LCMAP Annual Land Cover Change (LCACHG) combinations and runoff coefficients in the HD (Clear Creek) watershed (a) and the LD (Sipsey Fork) watershed (b) in Alabama. (Key: 12 = developed to cropland; 13 = developed to grass/shrub; 23 = cropland to grass/shrub; 24 = cropland to tree cover; 32 = grass/shrub to cropland; 34 = grass/shrub to tree cover; 41 = tree cover to developed; 42 = tree Cover to cropland; 43 = tree cover to grass/shrub; 48 = tree cover to barren; 83 = barren to grass/shrub).
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Figure 21. Water year streamflow, precipitation, and precipitation anomalies in the HD (Clear Creek) watershed and LD (Sipsey Fork) watershed in Alabama. 
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Figure 22. Cumulative streamflow (Q) and precipitation (P) in the HD (Clear Creek) (solid lines) and LD (Sipsey Fork) (dashed lines) watersheds in Alabama. 
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Figure 23. Monthly water balance components (P: precipitation, ETa, actual evaporation; ETp: potential evaporation, Q: outflow, dS/dT: storage change) for the HD (Clear Creek) watershed (a–d) and the LD (Sipsey Fork) watershed (e–h) in Alabama with a vertical gray line indicating the break between the stable period (SP) and the disturbed period (DP). 






Figure 23. Monthly water balance components (P: precipitation, ETa, actual evaporation; ETp: potential evaporation, Q: outflow, dS/dT: storage change) for the HD (Clear Creek) watershed (a–d) and the LD (Sipsey Fork) watershed (e–h) in Alabama with a vertical gray line indicating the break between the stable period (SP) and the disturbed period (DP).
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Figure 24. Average water year water balance components during the SP (left, dark colors) (1994–2005) and the DP (right, light colors) (2006–2016) time periods in for the HD (Clear Creek) (a) and LD (Sipsey Fork) (b) watersheds in Alabama. 






Figure 24. Average water year water balance components during the SP (left, dark colors) (1994–2005) and the DP (right, light colors) (2006–2016) time periods in for the HD (Clear Creek) (a) and LD (Sipsey Fork) (b) watersheds in Alabama.



[image: Land 11 00316 g024]







[image: Land 11 00316 g025 550] 





Figure 25. LCMAP Annual Land Cover Change (LCACHG) combinations and runoff coefficients in the HD (St. Croix River and Namekagon River—Wisconsin) watershed (a) and the LD (Ontonagon River—Michigan) watershed (b) in Wisconsin/Michigan. (Key: 24 = cropland to tree cover; 34 = grass/shrub to tree cover; 42 = tree cover to cropland; 43 = tree cover to grass/shrub; 45 = tree cover to water; 54 = water to tree cover). 






Figure 25. LCMAP Annual Land Cover Change (LCACHG) combinations and runoff coefficients in the HD (St. Croix River and Namekagon River—Wisconsin) watershed (a) and the LD (Ontonagon River—Michigan) watershed (b) in Wisconsin/Michigan. (Key: 24 = cropland to tree cover; 34 = grass/shrub to tree cover; 42 = tree cover to cropland; 43 = tree cover to grass/shrub; 45 = tree cover to water; 54 = water to tree cover).
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Figure 26. Water year streamflow, precipitation, and precipitation anomalies in the HD (St. Croix River and Namekagon River—Wisconsin) watershed and LD (Ontonagon River—Michigan) watershed in Wisconsin/Michigan. 
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Figure 27. Cumulative streamflow (Q) and precipitation (P) in the HD (St. Croix River and Namekagon River—Wisconsin) (solid lines) and LD (Ontonagon River—Michigan) (dashed lines) watersheds in Wisconsin/Michigan. 






Figure 27. Cumulative streamflow (Q) and precipitation (P) in the HD (St. Croix River and Namekagon River—Wisconsin) (solid lines) and LD (Ontonagon River—Michigan) (dashed lines) watersheds in Wisconsin/Michigan.
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Figure 28. Monthly water balance components (P: precipitation, ETa, actual evaporation; ETp: potential evaporation, Q: outflow, dS/dT: storage change) for the HD (St. Croix River and Namekagon River—Wisconsin) watershed (a–d) and the LD (Ontonagon River—Michigan) watershed (e–h) in Wisconsin/Michigan with a vertical gray line indicating the break between the stable period and the disturbed period (DP). 






Figure 28. Monthly water balance components (P: precipitation, ETa, actual evaporation; ETp: potential evaporation, Q: outflow, dS/dT: storage change) for the HD (St. Croix River and Namekagon River—Wisconsin) watershed (a–d) and the LD (Ontonagon River—Michigan) watershed (e–h) in Wisconsin/Michigan with a vertical gray line indicating the break between the stable period and the disturbed period (DP).
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Figure 29. Average water year water balance components (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) during the SP (left, dark colors) (1985–2004) and the DP (right, light colors) (2005–2016) time periods in for the HD (St. Croix River and Namekagon River—Wisconsin) (a) and LD (Ontonagon River—Michigan) (b) watersheds in Wisconsin/Michigan. 






Figure 29. Average water year water balance components (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) during the SP (left, dark colors) (1985–2004) and the DP (right, light colors) (2005–2016) time periods in for the HD (St. Croix River and Namekagon River—Wisconsin) (a) and LD (Ontonagon River—Michigan) (b) watersheds in Wisconsin/Michigan.
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Table 1. USGS streamgage information for all watersheds in this study. High-disturbance and low-disturbance watersheds are identified with HD and LD, respectively [50].






Table 1. USGS streamgage information for all watersheds in this study. High-disturbance and low-disturbance watersheds are identified with HD and LD, respectively [50].





	State
	USGS Streamgage
	Latitude
	Longitude
	Area (km2)
	Data Range
	Missing Data





	Washington (HD)
	14107000
	46°15′54″
	121°14′38″
	391.34
	1992–2020
	1985–1991



	Washington (LD)
	12488500
	46°58′40″
	121°10′03″
	205.22
	1985–2020
	None



	Colorado (HD)
	09371000
	37°01′39″
	108°44′27″
	1353.00
	1985–2020
	None



	Colorado (LD)
	09118450
	38°20′14″
	106°46′25″
	864.41
	1985–2020
	None



	Wisconsin (HD)
	05333500
	46°04′34″
	92°14′48″
	3910.30
	1985–2020
	None



	Michigan (LD)
	04040000
	46°43′15″
	89°12′25″
	3373.71
	1985–2020
	None



	Alabama (HD)
	02450825
	34°04′52″
	87°25′22″
	262.05
	1994–2020
	1985–1993



	Alabama (LD)
	02450250
	34°17′07″
	87°23′56″
	231.34
	1985–2020
	None
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Table 2. Details of watershed pairs [55,56,57] Precipitation represents annual average values from 1972 to 2000 [46,47,48,49]. Streamflow represents average annual values from 1985 to 2016 [50].






Table 2. Details of watershed pairs [55,56,57] Precipitation represents annual average values from 1972 to 2000 [46,47,48,49]. Streamflow represents average annual values from 1985 to 2016 [50].















	State
	Watershed
	Level II Ecoregion
	Level III Ecoregion(s)
	Soil Textures
	Annual Average Precipitation
	Average Annual Streamflow
	Main Disturbance(s)





	
	
	
	
	
	(mm)
	(m3 s−1)
	



	Washington (HD)
	Klickitat River
	Western Cordillera
	75% Eastern Cascades Slopes and Foothills, 25% Cascades
	Loam, silt loam, clay loam, cobbly loam, stony loam, stony silt loam, and sandy loam.
	500–3000
	8.8
	Insect Infestation, Wildfire



	Washington (LD)
	American River
	Western Cordillera
	25% Eastern Cascades Slopes and Foothills, 75% Cascades
	Loam, silt loam, cobbly loam, stony loam, stony silt loam, and sandy loam.
	500–3000
	6.4
	None



	Colorado (HD)
	Mancos River
	Western Cordillera/Cold Deserts
	80% Colorado Plateaus, 20% Southern Rockies
	Sand, sandy loam, cobbly loam, and ashy loam
	250–1000
	1.2
	Wildfire



	Colorado (LD)
	Cochetopa Creek
	Western Cordillera/Cold Deserts
	Southern Rockies
	Stony loam, sandy loam, and gravelly loam.
	250–1000
	1.1
	None



	Alabama (HD)
	Clear Creek
	Ozark/Ouachita-Appalachian Forest
	Southwestern Appalachian
	Shaley silt loam, sandy loam, clay loam, silty clay loam, and silty clay.
	1000–2000
	5.5
	Logging, Timber Harvest



	Alabama (LD)
	Sipsy Fork
	Ozark/Ouachita-Appalachian Forest
	Southwestern Appalachian
	Shaley silt loam, sandy loam, clay loam, silty clay loam, and silty clay.
	1000–2000
	4.5
	None



	Wisconsin (HD)
	St. Croix and Namekagon Rivers
	Mixed Wood Shield
	Northern Lakes and Forests
	Sand, sandy loam, cobbly loam, loam, and peat.
	600–900
	38.6
	Logging, Timber Harvest



	Michigan (LD)
	Ontonagon River
	Mixed Wood Shield
	Northern Lakes and Forests
	Sand, sandy loam, cobbly loam, loam, clay, peat, muck, and silt.
	600–900
	35.1
	None
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Table 3. Forest group types of each disturbed watershed [44].






Table 3. Forest group types of each disturbed watershed [44].





	
State

	
Watershed

	
Forest Group Types






	
Washington (HD)

	
Klickitat River

	
58% fir/spruce/mountain hemlock (Abies spp., Picea spp., and Tsuga spp., respectively);




	
27% Douglas-fir (Pseudotsuga menziesii);




	
12% lodgepole pine (Pinus contorta);




	
3% ponderosa pine (Pinus ponderosa).




	
Washington (LD)

	
American River

	
70% fir/spruce/mountain hemlock (Abies spp., Picea spp., and Tsuga mertensiana, respectively);




	
30% Douglas-fir (Pseudotsuga menziesii).




	
Colorado (HD)

	
Mancos River

	
71% pinyon-juniper woodland (Pinus spp., and Juniperus spp.)




	
9% oak (Quercus spp.);




	
8% aspen and birch (Populus tremuloides and Betula spp.);




	
7% ponderosa pine (Pinus ponderosa);




	
4% fir/spruce/mountain hemlock (Abies spp., Picea spp., and Tsuga mertensiana, respectively).




	
Colorado (LD)

	
Cochetopa Creek

	
61% fir/spruce/mountain hemlock (Abies spp., Picea spp., and Tsuga mertensiana, respectively);




	
26% Douglas-fir (Pseudotsuga menziesii);




	
10% aspen and birch (Populus tremuloides and Betula spp.);




	
3% lodgepole pine (Pinus contorta).




	
Alabama (HD)

	
Clear Creek

	
65% an oak and hickory (Quercus spp. and Carya spp., respectively);




	
30% loblolly pine and shortleaf pine (Pinus taeda and Pinus echinate, respectively);




	
5% oak and pine group (Quercus spp. and Pinus spp., respectively).




	
Alabama (LD)

	
Sipsy Fork

	
84% an oak and hickory (Quercus spp. and Carya spp., respectively);




	
13% loblolly pine and shortleaf pine (Pinus taeda and Pinus echinate, respectively);




	
3% oak and pine (Quercus spp. and Pinus spp., respectively).




	
Wisconsin (HD)

	
St. Croix and Namekagon Rivers

	
31% aspen and birch group (Populus tremuloides and Betula spp., respectively);




	
24% white pine, red pine, and jack pine group (Pinus strobus, Pinus resinosa, and Pinus banksiana Lamb., respectively);




	
23% maple, beech, and birch group (Acer spp., Fagus spp., and Betula spp., respectively);




	
4% spruce and fir (Picea spp. and Abies spp., respectively);




	
3% elm, ash, and cottonwood group (Ulmus spp., Fraxinus spp., and Populus deltoides).




	
Michigan (LD)

	
Ontonagon River

	
62% maple, beech, and birch group (Acer spp., Fagus spp., and Betula spp., respectively);




	
26% aspen and birch group (Populus tremuloides and Betula spp., respectively)




	
3% white pine, red pine, and jack pine group (Pinus strobus, Pinus resinosa, and Pinus banksiana Lamb., respectively);




	
8% spruce and fir group (Picea spp. and Abies spp., respectively).
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Table 4. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Washington watershed pair during the stable period (SP) and the disturbed period (DP).






Table 4. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Washington watershed pair during the stable period (SP) and the disturbed period (DP).














	Watershed
	
	
	P
	E
	Q
	dS/dT





	
	
	
	(cm year−1)
	(cm year−1)
	(cm year−1)
	(cm year−1)



	Washington-HD
	SP
	1992–2000
	106.1
	76.7
	7.7
	21.8



	Klickitat River
	DP
	2001–2016
	95.4
	73.9
	6.8
	14.8



	
	Difference
	cm year−1 (%)
	−10.6 (−10.0)
	−2.8 (−3.6)
	−0.9 (−11.3)
	−7.0 (−32.1)



	Washington-LD
	SP
	1992–2000
	181.6
	88.4
	10.8
	82.4



	American River
	DP
	2001–2016
	160.9
	89.6
	9.9
	61.4



	
	Difference
	cm year−1 (%)
	−20.7 (−11.4)
	1.2 (1.4)
	−0.9 (−8.2)
	−21.1 (−25.5)
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Table 5. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Colorado watershed pair during the stable period (SP) and the disturbed period (DP).






Table 5. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Colorado watershed pair during the stable period (SP) and the disturbed period (DP).














	Watershed
	
	
	P
	E
	Q
	dS/dT





	
	
	
	(cm year−1)
	(cm year−1)
	(cm year−1)
	(cm year−1)



	Colorado-HD
	SP
	1985–1998
	52.6
	46.0
	0.4
	6.2



	Mancos River
	DP
	1999–2016
	44.6
	36.6
	0.2
	7.8



	
	Difference
	cm year−1 (%)
	−8.0 (−15.2)
	−9.4 (−20.5)
	−0.2 (−49.5)
	1.6 (26.3)



	Colorado-LD
	SP
	1985–1998
	53.1
	47.7
	0.4
	5.0



	Cochetopa Creek
	DP
	1999–2016
	47.3
	43.3
	0.4
	3.6



	
	Difference
	cm year−1 (%)
	−5.8 (−11.1)
	−4.4 (−9.3)
	−0.1 (−18.3)
	−1.4 (−27.1)
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Table 6. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Alabama watershed pair during the stable period (SP) and the disturbed period (DP).






Table 6. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Alabama watershed pair during the stable period (SP) and the disturbed period (DP).














	Watershed
	
	
	P
	E
	Q
	dS/dT





	
	
	
	(cm year−1)
	(cm year−1)
	(cm year−1)
	(cm year−1)



	Alabama-HD
	DP
	1994–2005
	161.6
	95.5
	7.0
	59.1



	Clear Creek
	SP
	2006–2016
	158.2
	101.5
	6.2
	50.5



	
	Difference
	cm year−1 (%)
	−3.4 (−2.1)
	6.0 (6.3)
	−0.8 (−11.8)
	−8.6 (−14.5)



	Alabama-LD
	DP
	1994–2005
	157.3
	90.2
	6.8
	60.3



	Sipsey Fork
	SP
	2006–2016
	150.4
	92.3
	5.7
	52.4



	
	Difference
	cm year−1 (%)
	−6.9 (−4.4)
	2.2 (2.4)
	−1.1 (−15.9)
	−7.9 (−13.2)
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Table 7. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Wisconsin/Michigan watershed pair during the stable period (SP) and the disturbed period (DP).






Table 7. Average annual water year water balance (P: precipitation, E: evaporation, Q: outflow, dS/dT: storage change) for the Wisconsin/Michigan watershed pair during the stable period (SP) and the disturbed period (DP).














	Watershed
	
	
	P
	E
	Q
	dS/dT





	
	
	
	(cm year−1)
	(cm year−1)
	(cm year−1)
	(cm year−1)



	Wisconsin—HD
	SP
	1985–2004
	80.6
	64.5
	3.2
	12.9



	St. Croix/

Namekagon Rivers
	DP
	2005–2016
	85.6
	65.3
	3.0
	17.3



	
	Difference
	cm year−1 (%)
	5.0 (6.2)
	0.8 (1.3)
	−0.2 (−6.1)
	4.4 (34.2)



	Michigan—LD
	SP
	1985–2004
	81.2
	62.2
	3.4
	15.6



	Ontonagon

River
	DP
	2005–2016
	84.4
	63.9
	3.1
	17.4



	
	Difference
	cm year−1 (%)
	3.2 (4.0)
	1.7 (2.8)
	−0.4 (−10.8)
	1.9 (12.0)
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